Søgaard R, Novak I, MacAulay N. Elevated ammonium levels: differential acute effects on three glutamate transporter isoforms. Am J Physiol Cell Physiol 302: C880 -C891, 2012. First published December 7, 2011; doi:10.1152/ajpcell.00238.2011 ϩ /NH3) in the brain is a significant factor in the pathophysiology of hepatic encephalopathy, which involves altered glutamatergic neurotransmission. In glial cell cultures and brain slices, glutamate uptake either decreases or increases following acute ammonium exposure but the factors responsible for the opposing effects are unknown. Excitatory amino acid transporter isoforms EAAT1, EAAT2, and EAAT3 were expressed in Xenopus oocytes to study effects of ammonium exposure on their individual function. Ammonium increased EAAT1-and EAAT3-mediated [ 3 H]glutamate uptake and glutamate transport currents but had no effect on EAAT2. The maximal EAAT3-mediated glutamate transport current was increased but the apparent affinities for glutamate and Na ϩ were unaltered. Ammonium did not affect EAAT3-mediated transient currents, indicating that EAAT3 surface expression was not enhanced. The ammonium-induced stimulation of EAAT3 increased with increasing extracellular pH, suggesting that the gaseous form NH 3 mediates the effect. An ammonium-induced intracellular alkalinization was excluded as the cause of the enhanced EAAT3 activity because 1) ammonium acidified the oocyte cytoplasm, 2) intracellular pH buffering with MOPS did not reduce the stimulation, and 3) ammonium enhanced pH-independent cysteine transport. Our data suggest that the ammonium-elicited uptake stimulation is not caused by intracellular alkalinization or changes in the concentrations of cotransported ions but may be due to a direct effect on EAAT1/EAAT3. We predict that EAAT isoform-specific effects of ammonium combined with cellspecific differences in EAAT isoform expression may explain the conflicting reports on ammonium-induced changes in glial glutamate uptake.
ACUTE AND CHRONIC LIVER FAILURE in patients and experimental animal models leads to increased plasma concentrations of ammonium. The subsequent cerebral hyperammonemia is thought to be a key factor in the pathogenesis of hepatic encephalopathy (HE), which is a severe neuropsychiatric syndrome that accompanies liver failure. HE is characterized by astrocytic swelling, which may in severe cases be accompanied by cytotoxic brain edema (16) . The brain ammonium concentration increases to a maximum of ϳ5 mM during experimentally inflicted HE (49) and interferes with a multitude of cellular processes (reviewed in Refs. 16 and 38) . Notably, central glutamatergic function is severely affected by ammonium, resulting in increased glutamine (18) and extracellular glutamate concentrations (7, 30) , altered ionotropic and metabotropic glutamatergic receptor activity (15, 19, 28) , and alterations in glutamate release and transport (42, 43) .
There is general agreement that hyperammonemia leads to downregulation of glutamate transport activity or glutamate transporter protein and/or RNA levels after prolonged (Ն24 h) exposure to ammonium (9 -11, 25, 37, 40, 56) . Acute exposure to ammonium, however, produces either increased (3, 35, 41) or decreased (24, 45) glutamate transporter activity. The conflicting results may be attributable to 1) the different experimental systems, 2) the cell types employed for the experiments and hence differences in ammonium-induced intracellular pH (pH i ) alterations, or 3) the isoform(s) of glutamate transporters expressed by the given cells. The five cloned glutamate transporters (EAAT1-5) are expressed in different regions in the central nervous system with partly overlapping expression patterns. The glial transporters EAAT1 and EAAT2 (expressed in different ratios in distinct cerebral structures) are responsible for the majority of the glutamate uptake in the brain. The neuronal EAAT3 and the Purkinje cell-specific EAAT4 participate to a smaller degree. The EAAT5 is restricted to the retina (for review, see Ref. 12) . In glial cell cultures and brain slices, the glutamate transporters expressed in the cell membranes are typically a combination of several isoforms, and the contribution from each of the isoforms to the total glutamate uptake is often not known. To elucidate possible differences in ammonium-dependent alteration of glutamate transport by the three major glutamate transporter isoforms, we expressed EAAT1-3 heterologously in Xenopus laevis oocytes. This experimental system gives us the opportunity to investigate the effect of ammonia on the individual EAAT isoforms. We monitored the transport activity during ammonia exposure by measuring [ 3 H]glutamate uptake and by using the two-electrode voltageclamp technique to record ionic currents associated with glutamate transport.
MATERIALS AND METHODS

Molecular biology.
Human glutamate transporters EAAT1, EAAT2, and EAAT3 were subcloned into the oocyte expression vector pXOOM (23) . All constructs were linearized downstream from the poly-A segment, and in vitro transcribed using mMessage Machine according to the manufacturer's instruction (Ambion). The cRNA was extracted with MEGAclear (Ambion).
Expression of glutamate transporters in Xenopus laevis oocytes. Female Xenopus laevis frogs were obtained from Nasco (Fort Atkinson, WI) or National Center for Scientific Research (France). Each frog was anesthetized in 0.2% tricaine methanesulfonate (VWR), and ovarian lobes were obtained through a small abdominal incision. Collagenase treatment and isolation of stage V-VI oocytes were performed as previously described (48) . The protocol complies with the European Community guidelines for the use of experimental animals, and the experiments were approved by The Danish National Committee for Animal Studies. The oocytes were kept for 24 h at 19°C in Kulori medium (in mM: 90 NaCl, 1 KCl, 1 MgCl2, 1 CaCl2, 5 HEPES, pH 7.4, 182 mosM). EAAT1-, EAAT2-, or EAAT3-encoding cRNA (10, 25 , and 10 ng in 50 nl) was microinjected into the oocytes. Oocytes were kept at 17-19°C in Kulori for 3-7 days before the experiments.
Electrophysiology. Transport-induced currents in oocytes were measured at 19 -24°C by two-electrode voltage clamp using a DAGAN CA-1B High Performance Oocyte Clamp and Axon Instruments Digidata 1440A and MiniDigi 1B A/D interface. Data acquisition and analysis were performed using pCLAMP software (version 9.2, Axon Instruments). Recording electrodes had series resistances of 1-2 M⍀. Oocytes were placed in a 20-l recording chamber, voltage clamped at Ϫ50 mV, and continuously superfused (ϳ3 ml/min) with control or test solutions, which were exchanged using a mechanical valve. Test solutions were prepared by adding 1-10 mM ammonium chloride (NH4Cl) or trimethylamine hydrochloride (TMA) to 100Na buffer, which contained (in mM) 100 NaCl, 2 KCl, 1 CaCl 2, 1 MgCl2, and 10 HEPES (pH 7.4). The corresponding control solutions were 100Na buffer to which choline chloride (ChCl) had been added in the concentration corresponding to that of NH4Cl or TMA in the test solution to obtain the same osmolarity, ionic strength, and Cl Ϫ concentration in the test and control solutions. We use the term ammonium to denote NH4Cl containing both the ionic form (NH4 ϩ ) and the gaseous form (NH 3). At pH 6.5, the fraction of NH3 present in the solution is very small (ϳ0.2%) while NH 3 constitutes ϳ1% and ϳ15% of the total amount of NH 4 ϩ /NH3 present at pH 7.4 and 8.5, respectively, calculated using a pK a of 9.24. In solutions with pH 6.5 and 8.5, 10 mM HEPES was replaced with 20 mM 2-(N-morpholino)ethanesulfonic acid (MES) and 10 mM Tris Base, respectively, to obtain optimal pH buffer capacity. Transport-associated currents were evoked by exchanging the bath solution to one containing substrate (L-glutamate or L-cysteine). Current-voltage (I-V) relationships were determined using a voltage protocol that was applied before substrate addition and within 2-5 s after the substrate-induced current had reached its maximal amplitude. The membrane potential was stepped from Ϫ50 mV to test potentials ranging from ϩ40 to Ϫ140 mV in 20-mV increments (100-ms pulses). Currents measured at the test potentials were sampled at 5 kHz and low-pass filtered at 1 kHz; currents in recordings at the holding potential were sampled at 2 Hz. Substrate-elicited currents were calculated as the difference between the maximal current responses to substrate and the currents measured in the absence of substrate. Ammonium at 3-10 mM induced an endogenous current in both cRNA-injected and noninjected voltage-clamped oocytes (extracellular pH 7.4). The current was larger at more alkaline extracellular pH, as described in native oocytes (5) . Transport-associated currents in the presence of ammonium were measured when this endogenous current had reached a steady-state level (after ϳ5 min); in the data analysis it was subtracted from the combined substrate-and ammonium-induced current to obtain the "substrate-induced current." In MOPS experiments, EAAT3-expressing oocytes were injected 1-3 h before the experiments with 50 nl of a 3-(N-morpholino)propanesulfonic acid (MOPS) buffer solution (400 mM, pH 6.9) to buffer intracellular pH changes (17) . Reversibility of ammonium/TMA effects was established after 10 -20 min washout. Capacitive transient currents were digitized at 20 kHz, low-pass filtered at 1 kHz, and signal-averaged three times in control and ammonium-containing solutions. From a holding potential of Ϫ50 mV, the membrane potential was stepped to ϩ40 mV in 100-ms command pulses in control solution (100Na ϩ 10 mM ChCl) in the absence of glutamate to record transient capacitive currents in EAAT3-expressing oocytes. This protocol was applied in the same recording in the presence of the potent nontransportable competitive antagonist of EAAT1-3 DLthreo-␤-benzyloxyaspartic acid [TBOA; (47) ] applied for 1 min, and TBOA was subsequently washed out. Capacitive transient currents in TBOA were subtracted from those recorded before TBOA applications to obtain the "TBOA-sensitive transient current."
Subsequently, the effect of ammonium on this TBOA-sensitive transient current was determined in the same oocyte after a 5-min application of NH 4Cl in the bath solution (100Na ϩ 10 mM NH4Cl). In all experiments, reversibility of the TBOA effect on control transient currents was established before exposure of the oocyte to ammonium. The total amount of charge moved in the period 0 -20 ms after the initial voltage step (Q on) was determined by current-time integration of transient currents recorded in the absence of TBOA and those recorded in its presence (steady-state currents were subtracted). The transporter-specific, TBOA-sensitive charge movement was then determined by subtraction of Q on in the presence of TBOA from Qon before TBOA application. The TBOA-sensitive Qon in NH4Cl was normalized to the TBOA-sensitive Q on in control solution determined in the same oocyte. 14 C]glutamate (specific activity 250 mCi/mmol) and 500 M unlabeled glutamate (same concentration of ChCl, NH4Cl, or TMA as during preincubation) and oocytes were incubated 10 min under vibration (3 rotations/s, amplitude: 6 mm). The uptake reaction was terminated by washing the oocytes four times in ice-cold wash buffer containing (in mM) 100 ChCl, 2 KCl, 1 CaCl2, 1 MgCl2, and 10 HEPES (pH 7.4). Oocytes were solubilized separately in 0.2 ml SDS (10%) and counted in Opti-Fluor in a Packard Tri-Carb scintillation counter. In all experiments, the background (non-EAAT-mediated) tracer uptake was measured in noninjected oocytes and subtracted from the total tracer uptake measured in oocytes expressing EAAT to calculate the EAAT-mediated uptake component. (In preliminary experiments, uptake rates in water-injected and noninjected oocytes were identical.) pH measurements using BCECF-AM. Intracellular pH was measured using standard techniques adopted for oocytes (44) . Oocytes injected with EAAT3 cRNA 3 days before the experiments were loaded with the fluorescent pH-sensitive dye 2=,7=-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF) by placing them on a coverslip in 1.5 ml control buffer (100Na ϩ 10 mM ChCl, pH 7.4) containing 5 M of the acetoxymethyl ester of BCECF (BCECF-AM) and incubating them for 30 min at room temperature. One or two BCECF-loaded oocytes were placed in a recoding chamber on the stage of an inverted microscope and superfused with control buffer. The oocytes were viewed with ϫ10 numerical aperture 0.5 Fluar objective, and fluorescence from nonpigmented poles was recorded from several regions of interest (about 150 ϫ 150 m), which were averaged for each oocyte. BCECF was excited at 440 nm and 495 nm, and emission at 540 nm was captured in the fluorescence imaging setup (Zeiss Axiovert 100TV equipped with Lambda DG-4 illuminations system, CoolSNAP HQ camera and Meta Imaging Series 5.0 acquisition system) as previously described (39) . The fluorescence excitation ratio F495/F440 (recorded every 2.7 s) was monitored in control buffer and in ammonium-containing buffer (10 mM NH4Cl replacing ChCl) and at the end of each experiment F495/F440 was calibrated to pHi using the high-potassium-nigericin technique (50 Data analysis. Current-voltage plots were constructed and analysis of pre-steady-state currents was performed using pCLAMP (version 10.1). Glutamate concentration-response relationships of EAAT3-expressing oocytes were analyzed by nonlinear regression fit to a sigmoidal concentration-response curve using GraphPad Prism 5, which was also used for statistical tests. Data are given as means Ϯ SE. Statistical significance was determined using a Student's t-test or one-way ANOVA with Bonferroni as post hoc test at a significance level of P Ͻ 0.05. Each set of data is based on oocytes from at least two frogs (two different batches). (8, 7 and 11 experiments). In noninjected oocytes, it was 178 Ϯ 40 cpm/ oocyte (n ϭ 26). This confirmed that all three transporter subtypes were functionally expressed and all mediated specific transport of glutamate into the oocyte cytosol. The uptake data described in the following represent 10-min [ 3 H]glutamate uptake into EAAT-expressing oocytes from which the nonspecific uptake has been subtracted before normalization of the data to a control value.
RESULTS
Functional
Effects of short-term exposure to ammonium on [ 3 H]glutamate uptake through EAAT1-3. At 10 mM, NH 4 Cl significantly increased the specific 10-min [ 3 H]glutamate uptake in EAAT1-and EAAT3-expressing oocytes to 129 Ϯ 11% (P Ͻ 0.05; n ϭ 8) and 148 Ϯ 10% (P Ͻ0.01; n ϭ 5) of the control uptake (100%) in EAAT-expressing oocytes exposed to 10 mM ChCl. The EAAT2-mediated uptake was unaffected (95 Ϯ 6% of control, P ϭ 0.46; n ϭ 6) (Fig. 1A) . The lack of effect on EAAT2 was not related to the several-fold lower control uptake in oocytes expressing this isoform compared with EAAT1 and EAAT3, since an ammonium-elicited increase in glutamate uptake (to 139 Ϯ 9% of control) was also observed in EAAT3-expressing oocytes with a lower level of control glutamate uptake due to injection of a smaller amount of EAAT3 cRNA (708 Ϯ 118 cpm/oocyte per 10 min, 1-3 ng/oocyte, n ϭ 7). Thus, the ability of ammonium to stimulate EAAT-mediated glutamate uptake is isoform-specific. In animal models of acute liver failure, extracellular ammonium concentrations in the brain may reach 5 mM (49) . When oocytes were exposed to the pathophysiologically more relevant ammonium concentrations 1 and 3 mM, we found that [ 3 H]glutamate uptake by EAAT3 was increased to 113 Ϯ 3% by 1 mM NH 4 Cl and to 129 Ϯ 5% by 3 mM NH 4 Cl compared with control (P Ͻ 0.01, Fig. 1B ). The effect was significantly larger at 10 mM than at 1 mM NH 4 Cl and therefore concentration-dependent. The uptake through EAAT1was also increased by exposure to 3 mM NH 4 Cl (to 123 Ϯ 7% of control; P Ͻ 0.05; n ϭ 4), but there was no significant effect of 1 mM (103 Ϯ 13% of control, n ϭ 5).
Effects of ammonium on transport-associated currents in EAAT1-3. To further characterize the effect of short-term ammonium exposure on EAAT function, we measured glutamate transport-associated currents in oocytes injected with EAAT1, EAAT2, or EAAT3 cRNA before and after bath application of NH 4 Cl. Inwardly directed transporter-mediated currents were evoked in voltage-clamped EAAT-expressing oocytes after exposure to a saturating concentration (500 M) of glutamate (Fig. 2 , A-C, external pH 7.4); glutamate did not induce currents in noninjected oocytes (data not shown). By applying a voltage step protocol before and at the peak of the glutamate-induced current responses, glutamate-induced currents were determined at a range of potentials between Ϫ140 mV and ϩ40 mV. The average transport current amplitudes obtained at a clamp potential of Ϫ60 mV were as follows: 245 Ϯ 19 nA, 146 Ϯ 12 nA, and 500 Ϯ 45 nA for EAAT1, EAAT2, and EAAT3, respectively (n ϭ 30, 29, 23 oocytes). When 10 The uptake values have been normalized to the uptake in control oocytes (EAAT3-expressing) exposed to 1, 3, or 10 mM ChCl. Data are means Ϯ SE of 5-6 independent experiments. *P Ͻ 0.05 and **P Ͻ 0.01, significant difference from the control uptake. All uptake experiments were performed with 5-10 EAAT-expressing oocytes per condition. mM NH 4 Cl was applied in the absence of glutamate, an inward current was evoked in oocytes injected with EAAT1-3 cRNA as well as in noninjected oocytes. The current had characteristics similar to the reported endogenous ammonium-induced current in Xenopus oocytes (5) and did not differ in amplitude among the EAAT1-3-expressing and noninjected oocytes (data not shown). Ammonium also had a pronounced effect on the glutamate-induced transport currents in oocytes expressing EAAT1 and EAAT3. These currents were significantly potentiated after short-term (5-7 min) exposure to 10 mM NH 4 Cl (compared with control at Ϫ60 mV): 123 Ϯ 3% for EAAT1 (n ϭ 11; P Ͻ 0.0001) and 133 Ϯ 2% for EAAT3 (n ϭ 9; P Ͻ 0.0001), whereas no effect was observed on glutamate transport currents through EAAT2 (101 Ϯ 4%; n ϭ 14; P ϭ 0.84, see Fig. 2 , A-C, summarized in G). The stimulatory effects of ammonium on EAAT1-and EAAT3-mediated inward transport currents were reversible after a washout period of 5-15 min. The lack of transport current potentiation in EAAT2-expressing oocytes was not due to a slower response to ammonium. By contrast, the currents were reduced to 71 Ϯ 6%, 58 Ϯ 6%, and 62 Ϯ 5% of control at Ϫ60 mV, respectively, after exposure for 15 min, 30 min, or 45 min (n ϭ 4). The current-voltage relationships of the transporter-expressing oocytes showed that EAAT1-and EAAT3-mediated glutamate transport currents were stimulated at all negative membrane potentials tested (single I-V relationships shown in Fig. 2, D  and F) , whereas EAAT2-mediated currents were unaffected at all clamp potentials (Fig. 2E) . Ammonium did not alter the inward rectification of the glutamate-induced currents mediated by the three transporters. The stimulatory effect of ammonium was concentration-dependent; it was also observed at lower concentrations of ammonium (1 and 3 mM NH 4 Cl), which induced no or relatively small endogenous ammonium currents. In EAAT1-expressing oocytes, 1 and 3 mM NH 4 Cl enhanced the glutamate-evoked currents at Ϫ60 mV to 112 Ϯ 2% and 119 Ϯ 3% of control (n ϭ 6 and 7, P Ͻ 0.01) and the corresponding values in EAAT3-expressing oocytes were 114 Ϯ 1% and 125 Ϯ 3% of control (n ϭ 7, P Ͻ 0.0001); see Fig. 2G . Conversely, there was no significant effect of 1 or 3 mM NH 4 Cl on transport currents mediated by EAAT2 (n ϭ 5 and 6).
Taken together, ammonium had very similar effects on glutamate-induced transport currents mediated by EAAT1 and EAAT3, but it did not affect transport currents by EAAT2. These findings agree well with those obtained in the [ 3 H] glutamate uptake experiments and suggest that the observed current potentiation by ammonium reflects an increase in the rate of one or more steps in the glutamate transport cycle or an increase in the number of transporters, rather than just an increase in the glutamate-activated anion conductance. Since ammonium had a qualitatively similar effect on EAAT1 and EAAT3, we chose to focus on EAAT3 in the further characterization of the stimulatory effect.
Short-term ammonium exposure increases the maximal current response to glutamate of EAAT3. NH 4 Cl (10 mM) increased the maximal response to glutamate (I max ) in oocytes expressing EAAT3 to 126% of control [95% confidence interval (CI): 120 -132%, n ϭ 4, P Ͻ 0.0001] without affecting the apparent affinity towards glutamate significantly; the EC 50 (and associated 95% CI) was 46 M (43-50 M, n ϭ 4) in the absence of ammonium and 53 M (47-61 M, n ϭ 4) in its presence (Fig. 3A) . Similar results were found with 5 mM NH 4 Cl (data not shown).
The Na ϩ affinity of EAAT3 might be affected by ammonium and such an effect could explain the stimulatory effect of ammonium on EAAT3. To determine the apparent Na ϩ affinity in the absence and presence of 10 mM NH 4 Cl, we measured glutamate transport currents induced by 10 M glutamate in EAAT3-expressing oocytes superfused with external solutions with varying Na ϩ concentration (10 -120 mM). The ionic strength and Cl Ϫ concentration in the solutions were kept constant by replacing NaCl with ChCl. We found that ammonium exposure did not alter the apparent Na ϩ affinity of the EAAT3 transporter: EC 50 for Na ϩ was 36 mM (95% CI: 31-42 mM, Hill slope 1.97 Ϯ 0.20, n ϭ 4) in control solution and 35 mM (95% CI: 28 -44 mM, Hill slope 2.02 Ϯ 0.35, n ϭ 4) in the presence of ammonium.
The increase in I max may be caused by an increased number of transporters at the cell surface, due to ammonium-induced changes in the trafficking of the transporter, or by an increased transport rate of transporters already existing in the plasma membrane. To explore the possibility of ammonium-dependent insertion of transporters into the plasma membrane, we examined the effect of ammonium exposure on transient transporter currents in EAAT3-expressing oocytes. Transient currents sensitive to transporter inhibitors have been observed in human embryonic kidney 293 cells expressing EAAT3 and in Xenopus oocytes expressing EAAT2 (52, 53) . These capacitive currents reflect charge movements mediated by the glutamate transporters during binding and unbinding of sodium ions to a site on the transporter located within the electric field (52) . For the Na ϩ -glucose cotransporter SGLT1 expressed in Xenopus oocytes, charge movement calculated from transporter-specific transient current-time integrals correlates positively with the maximal sugar transport rate and the plasma membrane area (20) . A similar relationship between the number of cotransporters in the plasma membrane and the integrated transporterspecific transient current is likely to exist for EAAT3 expressed in Xenopus oocytes. We measured the transient currents in oocytes expressing EAAT3 by applying a voltage jump in the absence of glutamate. The capacitive transients displayed a slower relaxation in the absence of TBOA than in its presence, showing that a component of the total capacitive current was reduced in the presence of TBOA (Fig. 3B) . By subtraction of the currents recorded in the presence of TBOA from those in its absence, a TBOA-sensitive transient current was obtained (Fig. 3C) . Charge movements associated with the TBOA-sensitive transient current were calcu- The currents recorded just before the application of glutamate (500 M) were subtracted from those in the presence of glutamate at all test potentials. G: a summary of the effect of ammonium (1, 3, and 10 mM NH4Cl) on glutamate-evoked currents (Iglu) mediated by EAAT1 (n ϭ 6, 7, 11), EAAT2 (n ϭ 5, 6, 14), or EAAT3 (n ϭ 7, 7, 9). The plotted data are glutamate-induced currents during ammonium exposure (measured at the end of a 100-ms voltage step to Ϫ60 mV from the holding potential of Ϫ50 mV), which have been normalized to the glutamate-induced (control) current just before the exposure. The data are means Ϯ SE. **P Ͻ 0.01 and ***P Ͻ 0.001, significant difference from control (one-sample t-test).
lated by subtraction of transient current-time integrals determined in the presence of TBOA from those determined in its absence. Exposure to 10 mM NH 4 Cl (5 min) had no effect on the TBOA-sensitive charge movement (Fig. 3D) ; the amount of TBOA-sensitive charge moved in the presence of ammonium was 104 Ϯ 7% of the TBOA-sensitive charge movement in the same oocyte before exposure to ammonium (n ϭ 9, P ϭ 0.58). These data strongly suggest that ammonium did not alter the EAAT3 surface expression level, meaning that it must exert its effect on glutamate transporters already present in the oocyte plasma membrane.
Role of extracellular pH in the ammonium-induced stimulation of EAAT3 activity. In aqueous solutions, ammonium exists in equilibrium between two different chemical forms, the unionized NH 3 and the ionized NH 4 ϩ , in relative amounts that depend on pH of the solution. At pH 7.4, more than 98% is in the NH 4 ϩ form. To explore the role of extracellular pH and concomitantly of the two forms of ammonium, we investigated the effect of NH 4 ϩ /NH 3 on glutamate uptake currents by EAAT3 at an external pH of 6.5 and 8.5 and compared this to the effect at a physiological pH value (7.5). Control glutamateelicited currents decreased with increasing extracellular pH, confirming that the glutamate transport activity of EAAT3 is pH dependent; the amplitudes of currents evoked by 500 M glutamate at pH 6.5 and pH 8.5 were 113 Ϯ 2% and 87 Ϯ 2% of the amplitude at pH 7.5 (n ϭ 6 -7). Compared with the control uptake current at the respective pH value, there was no effect of 10 mM ammonium at pH 6.5 (103 Ϯ 4% of control, n ϭ 7, p ϭ 0.41), whereas ammonium enhanced the uptake currents at pH 7.5 and pH 8.5 by 144 Ϯ 2% and 185 Ϯ 4% of control (n ϭ 5). The potentiation was significantly larger at pH 8.5 than at pH 7.5 (P Ͻ 0.0001), as shown in Fig. 4A . This pattern was also observed in [ 3 H]glutamate uptake in EAAT3-expressing oocytes (Fig. 4B) . At pH 6.5, NH 4 Cl (10 mM) had no effect on glutamate uptake (104 Ϯ 4%, p ϭ 0.38, n ϭ 5 experiments), whereas it enhanced the uptake at pH 7.5 and pH 8.5 to 156 Ϯ 12% (n ϭ 7 experiments, P Ͻ 0.01) and 183 Ϯ 12% (n ϭ 6, P Ͻ 0.001), respectively, both compared with the control uptake at the given pH value (100%). However, the Fig. 3 . Ammonium increases the maximal current response to glutamate of EAAT3-expressing oocytes without affecting EC50 or the capacitive currents. A: concentration-response relationship of glutamate-induced currents in EAAT3-expressing oocytes in the absence () and presence (□) of 10 mM NH4Cl. Data points are the logarithm to the mean current responses (Ϯ SE) at Ϫ60 mV elicited by different glutamate concentrations and normalized to the maximal current response in control solution (Imax, con). Data were obtained in four independent experiments on oocytes from three different batches. Best-fit curves and EC50 values were determined using GraphPad Prism software. B: capacitive transient currents recorded from an EAAT3-expressing oocyte during a 90-mV voltage pulse (membrane potential stepped from Ϫ50 mV to ϩ40 mV and back to ϩ40 mV) before and during application of 100 M DL-threo-␤-benzyloxyaspartic acid (TBOA; saturating concentration). Currents with and without TBOA have been superimposed; the capacitive peak currents are not visible due to the scaling. C: superimposed TBOA-sensitive transient currents before and during bath application of 10 mM NH4Cl (5-min exposure) from the same oocyte as in B; both traces were obtained by subtraction of the capacitive transient currents in the presence of TBOA from those in its absence. D: summarized effect of NH4Cl on the TBOA-sensitive charge movement (Qon) associated with the initial voltage step from Ϫ50 mV to ϩ40 mV in EAAT3-expressing oocytes (n ϭ 9). Data are expressed as means Ϯ SE. difference in uptake stimulation at pH 7.5 versus pH 8.5 was not statistically significant (P ϭ 0.15).
Since the fraction of ammonium in the form of NH 3 increases with increasing pH (ϳ15% at pH 8.5 compared with ϳ0.1% at pH 6.5), a possible explanation for the observed pH dependence of the ammonium-induced stimulation is that the effects of NH 4 Cl are mediated by the membranepermeable unionized form, NH 3 , rather than by the ionized form, NH 4 ϩ . Role of intracellular pH changes in the stimulatory effect on EAAT3 activity. NH 3 is able to diffuse through the cell membrane, become protonated, and thereby cause an alkaline shift in intracellular pH (6, 29), which has been proposed to underlie a part of the effect of ammonium on glutamate transporters in salamander retinal glial cells (35) . An increase in pH i caused by NH 3 entry may stimulate glutamate transport by increasing the driving force for the proton-coupled uptake (4, 35) . However, some cells are acidified by ammonium due to entry of NH 4 ϩ through K ϩ channels, nonspecific cation channels, or Cl Ϫ -dependent cotransporters (29) . We used the pH-sensitive fluorescent dye BCECF-AM to determine ammonium-induced pH i changes in the oocytes, measured as changes in the fluorescence excitation ratio F 495 /F 440 . Ammonium (10 mM NH 4 /NH 3 ) induced a gradual and reversible acidification (to about pH 6.2) of the cytoplasm in EAAT3-expressing oocytes during superfusion for 10 -15 min (Fig. 5A) . After 5 min bath application of ammonium (comparable to the exposure time in the voltage-clamp experiments), pH i had decreased from 7.20 Ϯ 0.08 to 6.71 Ϯ 0.07 (five oocytes in three independent experiments).
Since a decrease in intracellular pH would be expected to reduce glutamate transporter activity (4), the measured pH i changes in the present study do not directly explain the stimulating effect observed on EAAT1 and EAAT3 uptake activity. As another approach to assess whether pH i changes are involved in the mechanism of ammonium-induced stimulation of EAAT3-mediated glutamate uptake, we microinjected the buffer MOPS (pH 6.9) into EAAT3-expressing oocytes. MOPS increases the cytoplasmic pH buffering capacity and thereby prevents or reduces intracellular pH changes (17) . When EAAT3-expressing oocytes were injected with MOPS, ammonium (10 mM NH 4 Cl) had no effect on the fluorescence excitation ratio F 495 /F 440 , suggesting that changes in pH i were strongly suppressed or abolished due to the high pH i buffering capacity of MOPS (Fig. 5 B) . Furthermore, the ammoniuminduced endogenous current (without glutamate present) was significantly reduced in MOPS-injected oocytes expressing EAAT3 (from Ϫ71 Ϯ 11 nA to Ϫ13 Ϯ 6 nA; n ϭ 8 -11; P ϭ 0.0002) as illustrated in Fig. 5B (compare with the MOPS-free experiment in Fig. 2C ). In contrast, MOPS had no effect on the ammonium-induced potentiation of glutamate transport currents in these oocytes (Fig. 5, C-E) ; in the presence of ammonium, the glutamate-induced currents were 133 Ϯ 2% and 131 Ϯ 2% of control without and with MOPS, respectively (n ϭ 9 and 7, Fig. 5E ). This supports the notion that an increase in pH i is not the underlying cause of ammonia-induced enhancement of glutamate transporter activity.
Trimethylamine (TMA) is a weak base, which is structurally related to ammonium and is routinely used to mimic ammoniuminduced pH i changes. We found that TMA (10 mM) also increased the glutamate uptake currents in EAAT3-expressing oocytes, but to a lesser extent than ammonium: The glutamateinduced currents were 111 Ϯ 2% of control in the presence of TMA (n ϭ 8, P Ͻ 0.001) and 133 Ϯ 2% of control in the presence of NH 4 Cl (n ϭ 9, P Ͻ 0.0001, Fig. 5E ). The uptake of [
14 C]glutamate into EAAT3-expressing oocytes was likewise enhanced by 10 mM TMA (to 136 Ϯ 7% of control, P Ͻ 0.05, as compared with 161 Ϯ 9% with NH 4 Cl, P Ͻ 0.01, 4 independent experiments with 7 oocytes per condition).
As a final approach to assess a possible role of pH in the stimulation of EAAT3-mediated glutamate transport activity, we investigated the ability of ammonium to stimulate the pH-independent transport of L-cysteine by EAAT3 (55) . Confirming the reported pH independence, we found that changing the external pH from 7.5 to 8.5 had no effect on the amplitude Fig. 4 . Ammonium-induced enhancement of glutamate uptake currents and [ 3 H]glutamate uptake is pH-dependent. A: diagram summarizing the effect of external pH on the potentiation by ammonium of glutamate-evoked uptake currents in EAAT3-expressing oocytes. Currents were elicited by 500 M glutamate. NH4Cl (10 mM) was applied for ϳ5 min before its effect on glutamate uptake currents was determined. The currents recorded at Ϫ60 mV have been normalized to the internal control current (protocol as in Fig. 2 ) at the given pH value (n ϭ 5-7). B: effect of ammonium on 10-min [ 3 H]glutamate uptake by EAAT3-expressing oocytes at different external pH values (500 M glutamate and 58 nM [ 3 H]glutamate). The specific uptake values (counts/min per oocyte) at pH 6.5, 7.5, or 8.5 in each experiment were normalized to the control uptake in oocytes at pH 7.5 in the same experiment. Data are means Ϯ SE from 5-7 independent experiments, each performed with 5-10 EAAT-expressing oocytes per condition. **P Ͻ 0.01 and ***P Ͻ 0.001, significant difference between the glutamate transport activity in ammonium from that in its absence at the given external pH value.
of currents evoked by a saturating concentration (3,000 M) of L-cysteine in voltage-clamped EAAT3-expressing oocytes: The current amplitude at pH 8.5 was 98 Ϯ 1% of that at pH 7.5 at a clamp potential of Ϫ60 mV (n ϭ 9, P ϭ 0.29). Both ammonium and TMA potentiated cysteine-evoked currents at pH 7.4, which were increased to 113 Ϯ 2% of control by 10 mM NH 4 Cl (n ϭ 5, P Ͻ 0.01) and to 116 Ϯ 1% of control by 10 mM TMA (n ϭ 6, P Ͻ 0.0001); see Fig. 5F . Thus, TMA had quantitatively the same effect as ammonium on these pH-independent cysteine-evoked currents. A: intracellular pH (pHi) changes evoked by ammonium (10 mM NH4Cl, extracellular pH 7.4) in unclamped oocytes expressing EAAT3. The BCECF fluorescence excitation ratio (F495/F440) was used to determine pHi (see MATERIALS AND METHODS). Data were obtained from three independent experiments on five oocytes in total (means Ϯ SE). B: effect of NH4Cl (10 mM) on F495/F440 in MOPS-injected oocytes expressing EAAT3 (n ϭ 5) compared with EAAT3-expressing oocytes without MOPS (n ϭ 4). These experiments were performed in day-matched oocytes. SE values for MOPS-free EAAT3 oocytes are larger than in Fig. 5A because the variation in mean fluorescence ratio among oocytes is larger than the variation in calibrated mean pHi value. (Calibration of F495/F440 to pHi is not possible in MOPS-injected oocytes, see MATERIALS AND METHODS.) C: current responses to 500 M glutamate in a voltage-clamped EAAT3-expressing oocyte injected with MOPS buffer (pH 6.9) before and during exposure to 10 mM NH4Cl and after its washout (protocol as in Fig. 2 , A-C, pH 7.4 in external solutions). D: steady-state current-voltage relationships for glutamate-induced currents in the presence and absence of NH4Cl recorded in the experiment shown in C. Vm, membrane potential. E: summary showing the stimulatory effect of 10 mM NH4Cl on glutamate-induced currents in EAAT3-expressing oocytes without (n ϭ 8) and with (n ϭ 9) prior injection of MOPS (clamp potential Ϫ60 mV, external pH 7.4). Data without MOPS are from Fig. 2G . Also shown is the effect of 10 mM TMA in similar experiments (n ϭ 8, no MOPS). F: summary of the effect of 10 mM NH4Cl (n ϭ 5) or TMA (n ϭ 6) on currents at Ϫ60 mV induced by 3,000 M cysteine in EAAT3-expressing oocytes (protocol as in Fig. 2, A-C ). **P Ͻ 0.01 and ***P Ͻ 0.001, significant difference between substrate-induced uptake currents in ammonium and those before ammonium exposure.
Prolonged ammonium exposure inhibits glutamate uptake by EAAT1, EAAT2, and EAAT3. To assess the effect of prolonged exposure to ammonium in our experimental system, we exposed oocytes expressing EAAT1, EAAT2, or EAAT3 to 10 mM NH 4 Cl for 24 h. The [ 3 H]glutamate uptake into oocytes exposed to ammonium was measured in parallel with the uptake into oocytes from the same batch exposed to 10 mM ChCl for 24 h (control). The uptake by all three transporter subtypes was significantly reduced after 24-h exposure to ammonium in three different batches of oocytes (to 43 Ϯ 11%, 41 Ϯ 6%, and 56 Ϯ 5% of control for EAAT1, EAAT2, and EAAT3, n ϭ 3 experiments, P Ͻ 0.05). Thus, prolonged (24-h) exposure to ammonium had the opposite effect of short-term exposure (5-min preincubation) on glutamate uptake through EAAT1 and EAAT3. In addition, EAAT2 was affected in the same way as EAAT1 and EAAT3 by the prolonged exposure. The reduced uptake was not due to depolarization of the oocytes after prolonged ammonium exposure, since the membrane potentials of oocytes exposed to ammonium for 24 h were not significantly different from those of control oocytes: Ϫ27.0 Ϯ 2.8 mV, Ϫ21.2 Ϯ 2.1 mV, and Ϫ25.8 Ϯ 1.0 mV in EAAT1-, EAAT2-, and EAAT3-expressing oocytes in NH 4 Cl versus Ϫ24.8 Ϯ 0.5 mV, Ϫ21.0 Ϯ 1.0 mV, and Ϫ29.0 Ϯ 1.1 mV in ChCl (n ϭ 4 -5). Furthermore, uptake currents evoked by 500 M glutamate were also reduced after 24-h exposure to ammonium in voltage-clamped oocytes expressing EAAT1, EAAT2, or EAAT3. Currents in control oocytes versus ammonium-exposed oocytes were as follows: Ϫ551 Ϯ 97 nA versus Ϫ154 Ϯ 30 nA (EAAT1, P Ͻ0.01); Ϫ58 Ϯ 7 nA versus Ϫ25 Ϯ 4 nA (EAAT2, P Ͻ0.01); and Ϫ3,108 Ϯ 43 nA versus Ϫ1,498 Ϯ 32 nA (EAAT3, P Ͻ0.01) at a holding potential of Ϫ50 mV (n ϭ 8, 5, 8; data not shown). Twenty-four hours of ammonium exposure caused a slightly larger reduction in glutamate transport currents for EAAT1 compared with EAAT2 and EAAT3 (to 28% vs. 42% and 48% of control, respectively). It is a possibility that the suppression of transport currents is due to decreased surface expression of the transporters and that the more pronounced suppression of EAAT1 transport currents after 24-h exposure to ammonium is due to a faster internalization rate of this isoform compared with EAAT2 and EAAT3.
DISCUSSION
Cerebral hyperammonemia is an integral part of hepatic encephalopathy and affects a multitude of cellular processes in the brain as shown in studies on experimental animal models of acute and chronic liver failure and on patients with liver failure. There is vast evidence pointing to ammonium-induced disturbances in glutamatergic transmission (reviewed in Ref. 33) , such as the function of different types of glutamate receptors (15, 19, 28) , glutamate synthesis and release (13, 34, 41, 42) , glutamate to glutamine conversion (21) , and glutamate transporter expression and activity (3, 9 -11, 24, 25, 35, 37, 40, 41, 45, 56) . However, the effect of acute or short-term exposure to ammonium on the different glutamate transporter subtypes has remained unresolved. To study this effect on the three glutamate transporters mediating the majority of the glutamate uptake in the brain, EAAT1-3, we expressed each of these isoforms in Xenopus laevis oocytes to assess the effect of ammonium on each isoform separately. The advantage of this heterologous expression system is that other membrane transporters and their sensitivity to ammonium are unlikely to contribute substantially to the changes in glutamate transporter activity. We observed an ammonium-dependent increase in the transport activity of oocytes expressing EAAT1 and EAAT3, while glutamate transport in EAAT2-expressing oocytes was unaffected by exposure to 1-10 mM ammonium. The ammonium-induced increase in transport activity was observed by [ 3 H]glutamate uptake into unclamped oocytes as well as by electrophysiological recordings of glutamate-induced currents in voltage-clamped oocytes. We found no qualitative differences in the effect of short-term ammonium exposure on glutamate transporter activity in the two different experimental assays. This suggests that ammonium induces an increase in the rate of glutamate transport rather than exclusively affecting the inherent uncoupled, glutamate-gated anion conductance of the transporter or the metabolism and/or release of [ 3 H]glutamate [as proposed by Bender and Norenberg (3)].
Possible contributions of EAAT1-3 to acute ammoniuminduced changes in brain glutamate uptake. Several studies have investigated effects of short-term ammonium exposure on glutamate transport in various cell types with conflicting results: Both decreases (24, 45) and increases (3, 35, 41) in glutamate uptake activity have been reported. The discrepancies may in part be explained by the novel evidence of EAAT isoform-specific effects of ammonium presented in this study. In accordance with our data on specific EAAT isoforms expressed in oocytes are several reports on more complex neuronal and glial cells: Rao and Murthy (41) observed an increase in activity of the high-affinity glutamate uptake into astrocytes, granule neurons, and synaptosomes from rat cerebellum upon ammonium exposure with no effect on the K m of the transport. An increased glutamate transport activity was also observed in cerebellar preparations from hyperammonemic rats as compared with control animals (41) as well as in ammoniumexposed glial cells from salamander retina (35) and cultured cortical astrocytes from rat brain (3). Bender and colleagues assigned the effect to changes in glutamate metabolism and/or glutamate release rather than to altered activity of the glutamate transporters (3) .
Although EAAT2 is the predominant isoform in the majority of glial cells in vivo (except in the cerebellum, inner ear and retina), EAAT1 is generally coexpressed with EAAT2 in astrocytes throughout the central nervous system (12) . Salamander retinal glial cells and freshly isolated cerebellar rat astrocytes predominantly express an EAAT1 isoform (12, 14) . In cultured astrocytes, the relative amounts of different isoforms at the mRNA and protein levels vary with the experimental conditions (22, 31, 51) . EAAT3 does not contribute significantly to the overall glutamate uptake activity in astrocytes in vivo (12) ; however, expression of this isoform has been reported in cultured astrocytes (31) . Our data suggest that an ammonium-induced increase in glutamate uptake into astrocytes is not due to a direct effect on EAAT2 but may be the result of an enhanced uptake by EAAT1 or EAAT3. In cerebellar granule neurons, glutamate uptake is mediated predominantly by the neuronal transporter EAAT3 (11) . Our data suggest that a direct stimulatory effect of ammonium on EAAT3 activity is a possible explanation for the enhanced uptake reported in these neurons after short-term ammonium exposure (41) .
A possible role of other membrane transporters and altered intracellular ion concentrations in decreased glutamate uptake. In conflict with the reports of enhanced glutamate uptake upon short-term ammonium exposure, two studies have observed an ammonium-dependent decrease in L-glutamate or D-aspartate uptake in hippocampal slices and cultures of hippocampal astrocytes (24, 45) . Exposure to sera taken from patients with chronic liver failure and HE resulted in a decreased uptake of glutamate or aspartate in rat brain hippocampal slices (45) . However, Schmidt and colleagues (45) pointed out that ammonium alone in the sera could not account for the reduced glutamate uptake capacity in the hippocampal slices. Glutamate uptake in acute hippocampal slices is mediated mainly by EAAT2 and to some extent by EAAT1, both of which are expressed in hippocampal astrocytes (12) . EAAT3 is expressed in low amounts in neuronal cells in hippocampal tissue and probably plays a minor role from a quantitative perspective (12). Since we found no effect of up to 10 mM ammonium on EAAT2-mediated glutamate transport activity and enhanced activity by EAAT1 in the present study, our data argue against a direct effect of ammonium on the activity of EAAT1 or EAAT2 as the underlying cause of the decreased glutamate uptake capacity seen in hippocampal slices and astrocytes. In cultured hippocampal astrocytes (with unidentified EAAT isoform composition), this decrease appears to be partly due to an increase in the intracellular Na ϩ concentration and a decrease in pH i caused by an ammonium-induced activation of the Na (24) . Such changes will inevitably reduce the driving force for the Na ϩ -and H ϩ -coupled glutamate transporters (54) . Additionally, ammonium depolarizes rat cortical astrocytes (1) and Xenopus oocytes (this study and Ref. 48 ), which will also reduce the driving force for the voltage-sensitive glutamate uptake (8) . In the present study, we observed an increase rather than a decrease in glutamate uptake activity after short-term ammonium exposure, which is inconsistent with membrane depolarization or increased intracellular Na ϩ concentration as causes of the glutamate uptake enhancement. Finally, changes in membrane potential or concentrations of cotransported ions ought to affect all three transporter isoforms, but ammonium did not alter EAAT2 activity. Thus, ammonium-induced changes in these parameters are not responsible for the ammonium-induced increase in EAAT1 and EAAT3 activity in our experimental system.
No evidence for an insertion of additional glutamate transporters into the plasma membrane by ammonium. An increase in V max of glutamate uptake or I max of glutamate-induced currents, as observed for EAAT3 in the present study, may be due to faster glutamate transport by the individual transporter molecule or insertion of additional transporters into the membrane. The possibility that ammonium exerts its effect by promoting membrane insertion of additional transporters from an intracellular pool was explored by analyzing the TBOAsensitive transient currents induced by voltage jumps in EAAT3-expressing oocytes. We did not observe any change in the TBOA-sensitive transient currents upon exposure to ammonium for 5-10 min as determined from the current-time integrals of the transient currents. This result provides evidence against insertion of more glutamate transporters into the oocyte plasma membrane as the molecular mechanism that underlies the stimulation of glutamate transport induced by short-term ammonium exposure. Altered affinities of EAAT3 for Na ϩ and glutamate appeared not to underlie the stimulatory effect of ammonium, as their EC 50 values were unaffected by ammonium. The lack of change in the apparent affinity for glutamate is in agreement with previous studies of glutamate transport in rat cortical astrocytes and rat cerebellar preparations (3, 41) .
The role of pH in the mechanism of glutamate transport modulation by ammonium. The degree of ammonium-induced stimulation of [ 3 H]glutamate uptake and glutamate uptake currents was strongly dependent on extracellular pH; the stimulation was larger at more alkaline extracellular pH. This may be interpreted as a predominant role for NH 3 in the ammonium-induced stimulation since the concentration of NH 3 increases with increasing pH in the solution. Ammonium exposure alters the intracellular pH of various cell types to different degrees depending on the cell type and the transport proteins expressed therein. The uncharged form of ammonium, NH 3 , crosses the cell membrane by diffusion and thereby renders the cytoplasm alkaline due to its protonation within the cell (6) . However, at physiological pH, NH 3 constitutes a minor fraction of the total ammonium (NH 4 ϩ /NH 3 ) present. NH 4 ϩ may enter the cell via various membrane transporters and ion channels (29) , including the NKCC1 cotransporter and the Kir4.1 K ϩ channel (36) , which are both expressed in mature glial cells (24, 27) . The relative permeability of the cell membrane to NH 4 ϩ and NH 3 , in combination with other parameters, determines the direction and pattern of the ammonium-induced change in intracellular pH (29) . In salamander retinal glial cells (35) and cultured astrocytes from rat cortex (43), NH 4 ϩ /NH 3 (5 mM) elicits intracellular alkalinization upon brief applications (1-2 min), which would increase glutamate uptake activity measured within this period. In rat hippocampal astrocytes in primary culture (20 -34 days in vitro) and cultured mouse cerebral astrocytes, a brief transient alkalinization is followed by a pronounced acidification after Ͻ1 min exposure to 5-10 mM ammonium (24, 36) , and this acidification would reduce glutamate uptake in the astrocytes. Two studies of glutamate uptake in glial cells attribute ammonium-elicited changes in the uptake in part to an altered electrochemical gradient for H ϩ caused by changes in intracellular pH (24, 35) . The oppositely directed effects of ammonium on glutamate uptake in these studies could be explained, at least in part, by opposite effects on intracellular pH. Xenopus laevis oocytes are acidified by ammonium exposure (5, 17, 44) . We used several approaches to elucidate the role of pH i in the ammonium-induced stimulation of EAAT3 activity, as follows: 1) pH i measurements using BCECF, which showed that EAAT3-expressing oocytes were acidified by ammonium in a reversible manner; 2) buffering of pH i with MOPS before ammonium exposure, which failed to prevent (or reduce) potentiation of the glutamate transport current; and 3) investigation of the effect of ammonium on the pH-independent transport of cysteine by EAAT3 (55) , which showed that cysteine-evoked uptake currents were increased by ammonium. The results of these approaches all indicate that intracellular alkalinization does not underlie the enhanced uptake activity of EAAT3. The notion that a putative decrease in transporter activity due to the ammonium-induced shift in the transmembrane proton gradient would be masked by the observed increase in activity was ruled out on the basis of the lack of effect on the increase in EAAT3 activity of intracellular pH buffering with MOPS. Finally, protons might be titrating an intracellular regulatory binding site present on EAAT1 and EAAT3 but not on EAAT2 and thereby intracellular acidification could underlie the ammonium-induced transport enhancement. However, the observation that MOPS injection did not affect transport stimulation by ammonium indicates that pH i changes in either direction are not directly involved in the regulatory mechanism.
Glutamate uptake activity by EAAT3 was increased by trimethylamine, which is a weak base that is structurally related to ammonium and induces similar changes in pH i in various cell types (5, 29, 35) . Glutamate transport currents were increased 33% by ammonium but only 10% by trimethylamine, whereas the two compounds had a quantitatively more similar effect on cysteine transport currents, increasing these by 13% and 16%. Taken together, our results may indicate that ammonium, possibly in the form of NH 3 , interacts differentially with the proton-coupled, pH-dependent transport of glutamate and the pH-independent transport of cysteine, whereas trimethylamine may exert its effect on the two transport modes via one shared mechanism. NH 3 might facilitate EAAT1-and EAAT3-mediated glutamate translocation by binding specifically to the transporters and coordinating the cotransported protons during the translocation cycle. Alternatively, the disparity in the degree of ammonium-induced potentiation of cysteine-versus glutamate-induced transport currents may simply reflect differences in the kinetics of the uptake, since cysteine is taken up in the neutral, zwitterionic form and glutamate in the anionic form (55) . On the basis of our results, it is thus evident that TMA exerts a pH i -independent effect on the glutamate transporter activity. Therefore, one has to be cautious when using TMA as a control compound to mimic the effect(s) of ammonium on glutamate uptake caused by changes in pH i (35) because TMA may also mimic pH iindependent effects of ammonium.
Opposite effects of prolonged and short-term exposure to ammonium on glutamate uptake. In contrast to the short-term effects of ammonium, we found that glutamate transport activity was decreased to a similar extent for all three EAAT isoforms by prolonged exposure (24 h) of Xenopus oocytes to ammonium. This finding is in agreement with other studies regarding the long-term effect of ammonium: Glutamate transporter isoforms in astrocytes and neurons are downregulated at the activity and/or expression level during the pathophysiologically relevant prolonged exposure to high ammonium levels (10, 11, 25, 37, 40, 56) . We propose that the mechanisms underlying the effects of short-term ammonium exposure and the effects of prolonged ammonium exposure are fundamentally different. Although the stimulatory mechanism that affects EAAT1 and EAAT3 remains unknown, one may speculate that a modulatory site exists on the EAAT1 and EAAT3 isoforms with which ammonium can interact directly and that this site is absent from the EAAT2 isoform. In line with this notion, the EAAT2 isoform is functionally distinguishable from EAAT1 and EAAT3 by its smaller uncoupled glutamategated chloride conductance (46) and by its distinct pharmacological properties, including a high sensitivity to the competitive inhibitors dihydrokainate, kainate and threo-3-methylglutamate (2). However, albeit unlikely, we cannot rule out the possibility that ammonium affects the function of an endogenous protein present in Xenopus laevis oocytes, which in turn alters the activity of EAAT1 and EAAT3 without affecting EAAT2 function.
In conclusion, ammonium induced an increase in glutamate transport activity by EAAT1 and EAAT3 whereas EAAT2 was unaffected. The ammonium-elicited stimulation of the two isoforms was not due to increased transporter surface expression, intracellular alkalinization, altered ion concentrations, membrane depolarization, or an exclusive effect on the uncoupled anion conductance or the glutamate uptake itself. Ammonium may therefore exert its effect directly on a modulatory site on the two affected transporter isoforms. We have found biophysical evidence that the modulatory effect of short-term ammonium exposure on glutamate transport is dependent on the glutamate transporter isoform composition of the cells. We thereby provide a possible explanation for the disparity in the literature regarding changes in glutamate uptake in brain tissue and isolated cells induced by acute exposure to ammonium at neurotoxic concentrations, which are comparable to those observed in hyperammonemic conditions.
